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The purpose of this work was to study stimulus-secretion coupling 
of electrolytes, water, and mucus in the small intestine. The in vivo 
rabbit ileal loop model was chosen. Secretion in this model was pro¬ 
duced by the luminal inoculation of several doses of cholera entero- 
toxin (CT). The effect of this enterotoxin is mediated by an eleva¬ 
tion in tissue cyclic adenosine monophosphate (cAMP) levels, Hourly 
net water, sodium (Na+), chloride (Cl ), and bicarbonate (HCO^ ) fluxes 
were measured, as was mucus secretion. The latter was assessed quan¬ 
titatively using a viscosity measuring technique and chemically by 
measuring periodic acid Schiff (PAS) positive material. In addition, 
the total non-dialyzable sialic acids appearing in the lumen were mea¬ 
sured at hourly intervals. The data indicated that following CT inocu¬ 
lation, the pattern of water secretion was different from that of mucus 
secretion. This observation posed two questions: 
1) Is the control of small intestinal water secretion different 
from that of mucus secretion? 
2) Can water secretion be separated from mucus secretion? 
The thrust of this research was to answer these questions, particu¬ 
larly the second one. Calcium is known to play a key role in stimulus- 
secretion coupling, whether or not the coupling involved an elevation 
in tissue cyclic AMP levels. The working hypothesis for this study was 
| | 
that manipulation of intracellular Ca would differentially affect the 
1 
2 
stimulus-secretion coupling of water and electrolyte secretion and of 
mucus secretion; thereby aiding in answering of the above question. 
I { | | 
In order to modify cellular Ca , verapamil (a Ca channel block- 
| | 
er) and the ionophore, A23187, (a Ca ionophore) were used. A dose of 
verapamil was found that reduced or delayed CT-induced mucus secretion 
without affecting water and electrolyte secretion. Mucosal surface 
j j 
application of the ionophore, A23187, in the presence of Ca was 
shown to stimulate mucus secretion while not affecting water and elec- 
j | 
trolyte absorption. On the other hand, in the absence of Ca , the ion¬ 
ophore had no effect on mucus secretion. 
| | 
These experiments, collectively suggest a role for Ca in the 
stimulus-secretion coupling seen in experimental diarrhea. They also 
show that mucus secretion can be separated from water and electrolyte 
secretion and that the mucus secretion is more sensitive to manipula- 
| | 
tion of intracellular Ca than is water and electrolyte secretion. 
Chapter II 
Review of Literature 
All cells have the ability to respond to an external stimulus, 
whether the stimulus is a neurotransmitter, hormone, or bacterial 
toxin. From these observations it has been concluded that cells have 
similar systems for coupling the stimulus to the appropriate response 
(Rasmussen, 1981). This coupling may be facilitated by calcium ions 
-f j 
(Ca ), or cyclic nucleotides (cyclic adenosine monophosphate, cAMP, or 
guanosine monophosphate, cGMP) together with machinery present within 
the cell (Berridge, 1976). The aim of this work was to study stimulus- 
secretion coupling of electrolytes, water, and mucus in the in vivo 
rabbit small intestine. 
Stimulus-secretion coupling, as it is presently understood, in- 
| | 
volves Ca and cyclic nucleotides working together or separately to 
control various components of the secretory system. Figure 1, taken 
from Rasmussen (1981), depicts some of the current models of stimulus- 
response coupling and the interrelationships between calcium and the 
cyclic nucleotides. 
According to Rasmussen (1981) there are at least 6 acceptable 
models to explain stimulus-secretion coupling (Figure 1). The coor¬ 
dinate control model (Figure la), proposes that a single extracellular 
| | 
stimulus generates intracellular messengers (elevated cytosolic Ca 
and cAMP levels) which then act in a coordinated fashion to regulate a 
3 
Figure 1. Schematic representation of synarchic regulation by 
calcium, cGMP and cAMP. Represented are the coordi¬ 
nate control model (Figure la), hierarchial control 
(figure lb), hypothetical sequential control model 
(Figure lc), the redundant control (Figure Id), the 
antagonistic control model (Figure le), and the 
positive feed-forward modulator model involving 
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cellular response. An example of this type of control is the stimu¬ 
lation of fluid secretion in the fly (blowfly) salivary gland by 
5-hydroxytryptamine (serotonin) (Berridge and Fain, 1979). Hierarchi¬ 
cal control (Figure lb) is denoted by separate extracellular stimuli 
| 
which cause the separate activation of Ca and cAMP. Each of these 
intracellular messengers then interact and produce a common cellular 
response. The control of insulin secretion by the beta cells of the 
endocrine pancreas due to the blood levels of glucose and glucagon is 
an example of this type of control (Hahn et al, 1980). 
The hypothetical sequential control model (Figure lc) exhibits 
primary activation of one part of a two-limbed system followed by acti¬ 
vation of the second part of the system. The final step depending on 
the concentration of activator in the first part of the system. The re¬ 
dundant control (Figure Id) is one in which separate extracellular stimu¬ 
li act on separate limbs of the system to initiate the same cellular re¬ 
sponse. This type of control is believed to be exemplified by the hormon¬ 
al control of aldosterone secretion from the zone glomerulosa of the adren¬ 
al cortex (Fakunding et al., 1979). The antagonistic control model (Figure 
le) is one in which the two limbs of the system are activated by separate 
extracellular stimuli, but one in which a rise in one messenger inhibits 
the other, as is the case with histamine release from mast cells (Cock¬ 
croft and Gompertz, 1979). 
6 
One of the proposed models involving cyclic GMP (Figure If) has 
this cyclic nucleotide acting as a positive feed-forward modulator in 
the calcium messenger system. One example of such a system in the ad¬ 
renal cortex in which cGMP enhances the amplitude and sensitivity of 
| | 
a Ca response (Baker and Carruthers, 1980). ACTH is steroidogenic 
for the adrenal cortical cells at doses that do not elevate tissue cy¬ 
clic AMP levels. However, under these conditions there is a transient 
elevation in cyclic GMP levels, which result from a stimulation of guan- 
ylate cyclase activity. Neither the elevated cellular cyclic GMP levels, 
j j 
nor the ACTH-induced steroidogenesis occurs in a Ca -free medium (Per- 
chellet et al., 1978). 
Secretion in the small intestine may be a combination of the redun¬ 
dant control and the positive feed-forward model (Figure Id and If) as 
{ | 
serosal Ca (Bolton and Field, 1977) or elevated tissue cAMP levels 
(Frizzell, 1977) or cGMP levels (Field, 1980) all cause the ileal mucosa 
to secrete water and electrolytes. 
Normally, water and electrolytes are absorbed in the intestine, 
with water crossing the mucosal epithelium down an osmotic gradient. 
The transported electrolytes (predominantly sodium and chloride) are pri¬ 
marily responsible for creating the osmotic gradient (Field, 1980). 
Electrolyte absorption that is of osmotic importance is predominantly 
made up of: 
1) active sodium absorption which is not coupled to the move- 
7 
ment of any solute (Schultz and Curran, 1970); 
2) sodium absorption directly coupled with absorption 
a variety of nonelectrolytes, such as glucose 
(Schultz, 1977); 
3) sodium absorption which is directly coupled to absorp¬ 
tion of Cl (Nellans et al., 1973). 
Any disturbance in these transport systems alters the normal 
balances between absorption and secretion, so that a net secretion may 
occur (Field, 1974). 
If absorption in the intestine is maintained at a high enough level 
when secretion is present, then no secretion will be seen. Agents which 
have been useful in the study of the secretory components of the intes¬ 
tinal electrolyte transport have been of two clases; those agents 
which have their effect mediated via elevated tissue cAMP (e.g., CT, 
VIP) and those that apparently have no effect on tissue cAMP (Field, 
1980). 
The cyclic nucleotides, cAMP and cGMP, play a vital role in the 
internal signaling processes of cells comprising most tissues as figure 
1 suggests. Sutherland first discovered cyclic AMP in 1957 and suggested 
it as an intracellular regulator (Sutherland and Rail, 1957). Cyclic GMP, 
discovered more recently (Kuo et al., 1972; Goldberg, 1973), has been 
reported to have functions independent of cyclic AMP. When the appropri¬ 
ate hormone, transmitter, or other agent binds to a receptor located on 
8 
the cell membrane, a transformation occurs within the adenylate cyclase 
enzyme located in the cell membrane (Greengard, 1978). Cyclic AMP in¬ 
creases in the cell until a concentration is obtained which causes the 
dissociation of the cyclic AMP-dependent protein kinases into free cata¬ 
lytic subunits and regulatory subunits (Greengard, 1978). The catalytic 
subunits promote the phosphorylation of various proteins in the cytoplasm 
(Greengard, 1978). When the level of cyclic AMP decreases, the catalytic 
subunits reassociate with the regulatory subunit and the rate of phosphor¬ 
ylation of specific proteins decreases. The decrease in cyclic AMP acti¬ 
vates protein phosphatases which dephosphorylate phosphorylated proteins, 
bringing about restoration of the cells original state (Greengard, 1978). 
Tissue cyclic AMP levels may be modified by a similar effect on guanylate 
cyclase following attachment of a particular hormone or agent to a mem¬ 
brane receptor (Yamamoto et al., 1977). Cyclic AMP then causes the phos¬ 
phorylation of proteins by cylic GMP-dependent protein kinases (Yamamoto 
et al., 1977). Calcium fluxes have been observed to be associated vrith 
hormone or neurotransmitter stimulation of guanylate cyclase (Schultz 
et al., 1973). The cAMP mediated secretion that has been most extensive¬ 
ly studied is that induced by cholera enterotoxin (CT). This toxin is 
made up of two major fragments, an A fragment responsible for the enzy¬ 
matic action and a B fragment responsible for the binding of the toxin 
to its GM^ ganglioside receptor (Bennett et al., 1976). 
Cholera induced intestinal secretion has been studied in several 
9 
ways. De and Chatterje (1953) reintroduced the rabbit ileal loop model 
(Viole and Crendiropoule, 1915) in which the ileum was ligated at in¬ 
tervals and cholera vibrios were injected into the resulting loops. 
They observed that the system mimicked human cholera diarrhea. Since 
these early experiments, the ileal loop method has been used extensive¬ 
ly as a model in the study of diarrheal disease mediated by elevated tis¬ 
sue cyclic AMP or cyclic GMP levels (Field, 1974). 
| | 
As we were interested in studying the role of Ca in ileal stimulus- 
secretion coupling, we first used an agent known to be a potent stimulant 
of water, electrolytes, and mucus secretion, and then attempted to block 
j j 
such secretion with a Ca channel blocker. The agent chosen to stimu¬ 
late ileal secretion was cholera enterotoxin (CT). Crude extracts of 
CT have been shown to induce secretion of water, electrolytes, and mucus 
(Leitch et al., 1966; Sherr et al., 1979). Field et al., (1975) found that 
following exposure of in vitro rabbit ileal mucosa to CT, there was a 
lag period of 30 minutes before the concentration of cAMP in these tis¬ 
sues increased significantly. This CT-induced elevation of tissue cAMP 
has been associated with changing a small intestine that shows net ab¬ 
sorption of water and electrolytes to one that shows a net secretion. 
This secretion occurs whether the enterocytes are stimulated by crude or 
pure cholera enterotoxin, exogenous cAMP or phosphodiesterase inhibitors 
(Field, 1974 and Field, 1980). The electrolyte secretion seems to be one 
of hypersecretion of NaCl and NaHCO^ (Leitch et al., 1966), which is con- 
10 
tributed to by a cAMP-induced inhibition of the absorptive neutral NaCl 
pump, and a stimulation of a secretory NaCl transport (Nellan et al., 
1973). 
The pathophysiology of cholera enterotoxin-induced secretion in¬ 
volves the secretion of mucus, as well as water and electrolytes 
(Sherr et al., 1979; Forstner et al., 1981). Mucus is a viscous material 
secreted by several goblet and other cell types in the intestine (Bennett, 
1977). It is composed of glycoproteins that are generally low in protein 
and high in carbohydrate (Allen, 1977b). The functions of mucus are thought 
to be those of lubrication and protection of the underlying mucosa, and 
the removal of parasites and bacteria by binding and entrapment (Forstner 
et al., 1982). 
Several investigators have studied the role of cAMP in the synthesis 
and secretion of mucus by the intestine. Forstner et al., (1973) showed 
that cAMP stimulates glycoprotein synthesis in the intestine. Protein- 
bound hexoseamine (glycoprotein) secretion has also been shown to increase 
in ileal loops exposed to cholera enterotoxin (Sherr et al., 1979). Forst¬ 
ner et al., (1981) studied rat intestinal slices using precursor labelling 
and mucin immunoassay techniques and found that a dose-dependent, five¬ 
fold increase in glycoprotein secretion occurred following CT exposure. 
The importance of this study lies in the fact that these workers measured 
the actual CT-induced secretion of mucin and not just some marker of total 
glycoprotein secretion. The issue still remains, however, whether or not 
11 
electrolyte and mucus secretion are co-stimulated. Nevertheless it seems 
that increased cAMP levels in intestinal tissues do indeed increase 
the synthesis of glycoproteins which eventually are secreted as mucin. 
The complexity of the control of mucus secretion can be appreciated 
from the work of Specian and Neutra (1980a). These authors studied 
acetylcholine-induced mucus secretion of rabbit colon crypt cells using 
radioactive labelling and electron microscopy for the purpose of eluci¬ 
dating the sequential pattern of vacuolar mucus secretion in the goblet 
cell. These investigators observed that crypt goblet cells secrete in 
response to acetylcholine, while villus goblet cells do not. They found 
also that when mustard oil (a luminal irritant) was placed into ligated 
ileal colon loops, the goblet cells above the mouth of the crypts rapidly 
secreted mucus. The goblet cells below the mouth of the crypts, however, 
did not. This loss of sensitivity of goblet cells below the mouth, may 
have been due to the mustard oil's inability to reach the crypt goblet 
cells. However, according to Specian and Neutra (1980a), if this was 
not the case, the data may indicate different mechanisms involved in the 
control of goblet cell secretion above and below the mouth of the crypt. 
Specian and Neutra (1980b) have also suggested the existence of two 
distinctly different pools of mucin. They observed that microtubules 
and/or microfilaments control outward movement of mucin granules around 
the lateral border of goblet cells, while the release of granular con¬ 
tent from the central portion of the goblet cells in induced by acetyl- 
12 
choline, and is independent of the microtubule and/or microfilament 
pathway. These findings suggest that stored (centrally located granules) 
and continuously secreted mucin (peripherally located granules) are un¬ 
der different control mechanisms. Forstner et al., (1982) have suggested 
without real evidence that cholera enterotoxin stimulates the mucin 
secretion mediated by the microtubule-microfilament pathway. 
| 
As Ca is generally involved in microfilament-mediated movement 
(Berridge, 1976), one might expect the microtubule/microfilament mediated 
mucin secretion to be stimulated by this cation. On the other hand, 
acetylcholine mediated events are generally thought to involve changes 
f { 
in cytosolic Ca activity (Kretsinger, 1979). Thus, both mucin pools 
| | 
may be dependent on Ca for their secretion, although the form and 
extent of this dependency may be different. 
We decided to elucidate the controls of electrolyte and mucin 
j | 
secretion in the small intestine by manipulation of cytosolic Ca 
| | 
Calcium ions (Ca ) have been implicated in many cell systems as the 
major cation involved in stimulus-secretion coupling (Douglas, 1968). 
Evidence which seems to verify calcium's role in this process comes 
from studies of histamine secretion (Foreman and Mongar, 1972), insu¬ 
lin secretion from rabbit pancreas (Hales and Miller, 1968), and neural 
transmitter release (Katz and Kolpin, 1969), to name but a few of the 
systems that have been studied. It is currently believed that when a 
j | 
stimulus interacts with the cell membrane, extracellular Ca enters 
13 
| | 
the cell, or Ca is released from intracellular stores. This increased 
| | 
cytosolic Ca is involved in the control of the secretory response of 
the cell (Douglas, 1974). 
| j 
Kretsinger (1979) formulated an hypothesis for the role of Ca as 
a second messenger which may be applicable to the intestinal mucosa. 
He suggested that all resting eukaryotic cells maintain their concen- 
| _~J _g 
tration of free Ca within the cytosol at between 10 and 10 M. 
This creates an inward electrochemical activity gradient and suggests a 
mechanisms of control; namely that a small change in membrane permea- 
| | 
bility would cause a Ca influx. He further suggested that the sole 
| | | | 
role of Ca is to transmit information, and the targets of Ca are 
proteins in the cytosol. These various calcium-modulated proteins are 
similar to one another and contain EF-hand domains. All calcium bind¬ 
ing proteins (CBP), have a similar region, are commonly known as an 
| | 
EF-hand configuration. This configuration consists of a Ca binding 
loop lying between two alpha-helices. 
4 
There is an estimated 10 -fold gradient between extracellular 
j | 
and intracellular Ca concentrations (Luxoro and Yanez, 1968). This 
gradient is maintained by a variety of mechanisms (Hasselbach et al., 
| | 
1979). The plasma membrane is permeable to Ca , although under unstim- 
-{■ "| 
ulated conditions, Ca enters the cell very slowly (Hasselbach et al., 
1979). Most cells studied have specific ATPases that actively transport 
j | 
Ca from the cytoplasm to the extracellular fluid or some cellular or- 
14 
_| | [ | 
ganelle (Hasselbach, 1979). These Ca ATPase - Ca pump systems are 
located in the plasma membrane, mitochondria, and the smooth endoplasmic 
reticulum (Hasselbach, 1979; Schatzman and Vincenzi, 1969). 
| j | | 
A cytosolic factor which activates the Ca - Mg ATPase has been 
purified independently in different laboratories (Bond and Colugh, 1973; 
Luthra et al., 1977). This factor may be the same as calmodulin (Janett 
| | 
and Penniston, 1978). Calmodulin is a cytosol, Ca -binding protein 
which has been found in most eukaryotic cells examined (Klee et al., 1980). 
| | 
By changing the binding of Ca to calmodulin, the latter mediates the 
control of a large number of enzymes (Klee and Hareich, 1980). Enzymes 
which have been found to be regulated by calmodulin are brain membrane 
kinases, myosin light chain kinases, phosphorylase b kinase, ATPase and 
| | 
also the Ca pump of erythrocyte membranes (Teo and Wang, 1973). As 
| | 
Ca binding occurs at specific sites on the calmodulin molecule, it 
undergoes a configurational change which enables the molecule to have 
an increased catalytic ability (Klee and Hareich, 1980). Klee also 
| | 
found that Ca was removed from the binding sites of calmodulin, the 
regulatory effect was decreased. 
The role of calcium in the cell has been studied using four main 
approaches as described by Hales et al., (1977). 
| | 
1. The use of Ca chelating agents such ethyleneglycol- 
bistetraacetic acid (EGTA) to effect removal of extra¬ 
cellular Ca 
15 
2. The extracellular application of divalent cation ionophores 
such as A23187 and X537A, and the use of inhibitors of mem- 
-| | | | 
brane Ca fluxes (Ca channel blockers) such as verapamil, 
, and local anesthetics to study the effect of manipu- 
oUU 9 
I | 
lation of free intracellular Ca 
45 
3. The measurement of Ca fluxes across the membrane to study 
| j 
changes in free intracellular Ca (or change in plasma 
j | 
membrane permeability to Ca ). 
| | 
4. Investigations of Ca in vitro by isolating enzymes and 
j | 
other proteins and observing the role of Ca in their regu¬ 
lation. 
We decided to study the role of calcium in the stimulus-secretion 
coupling of water, electrolytes, and mucin in the rabbit ileum using 
the first two of the above classes of methods. The ionophore A23187 
j | 
and verapamil were the agents chosen to manipulate cytosolic Ca 
Ionophores are compounds which form ion channels within plasma 
and intracellular membranes (Causten and Miller, 1978). The ionophore, 
| j j j | 
A23187, is not totally specific for Ca . Sodium, K , Mn , and Mg 
have also been shown to be transported by this ionophore (Pfeiffer et al., 
1974; Reed and Lardy, 1972). A23187 has been used to induce exocrine 
gland secretion (Thoa et al., 1974). muscle and contraction (Bolton, 1979). 
It Is necessary to show that any effect seen with this ionophore in 
| | | | 
a Ca - containing medium is lost when a Ca -free medium is used, 
16 
| | 
before the A23187 can be assumed to be functioning as a Ca iono- 
phore rather than an ionophore for some other cation. 
| | 
Frizzell (1979) showed that the addition of the Ca ionophore, 
A23187, to the mucosal bathing solution of rabbit colon mucosal strips 
caused a reversal of active Cl transport from absorption to secretion. 
He also found that when the Ca concentration within the medium was 
reduced to 10 the secretory response induced by A23187 did not occur. 
The cAMP mediated stimulation of Cl secretion, however, was not depen- 
[ | 
dent upon medium Ca in this preparation, Frizzell also showed in this 
45 ++ 
work that Ca loading of the cells of the colonic mucosa, followed by 
the introduction of cAMP into the bathing medium, caused an increase in 
45 ++ 
Ca efflux from the tissue. These findings suggested to him that 
j | 
the secretory response to cAMP may have involved a release of Ca from 
intracellular stores. A23187 had no effect on colonic mucosal cAMP 
levels, but the effect of this ionophore was dependent upon extracel- 
| | 
lular Ca , suggesting that the A23187 effect was the result of an in- 
| | 
crease in intracellular Ca following its influx from the extracellu¬ 
lar fluid. 
Bolton and Field (1977) showed that both the ionophore, A23187, and 
exogenous cAMP produced ion secretion in the in vitro rabbit ileum. The 
data they obtained suggested that the effect of both agents were quali¬ 
tatively identical, as was the case for the rabbit colon (Frizzell, 1977). 
17 
The effect of A23187 was absent when the bathing medium was free of 
| | 
Ca . The rabbit ileum differed from the rabbit colon in that in the 
former case the ionophore was only effective when added to the sero¬ 
sal medium. 
A number of agents have been developed that are presumed to in- 
| | 
terfere with Ca movements across intracellular or plasma membranes. 
[ | 
One such agent is verapamil. Verapamil interferes with Ca -depen¬ 
dent excitation-contraction coupling in cardiac and skeletal muscle 
) | 
blocking membrane Ca transport (Fleckenstein et al., 1975; and 
Chiarandini et al., 1973). Malaisse et al., (1977) used verapamil to 
inhibit A23187 - mediated translocation of Ca from an aqueous into 
an organic phase. Verapamil has also been shown to completely inhi- 
j 
bit active Ca transport by everted rat duodenal sacs (Wrobel and 
Michalska, 1977) . It has been reported that verapamil binds to the 
| j 
inner surface of the plasmalemma and inhibits the Ca -activated 
ATPase (red blood cell membrane) (Mas-Oliva, and Nayler, 1980). Thus, 
| j | j 
this agent may modify cytosolic Ca either by acting as a Ca 
blocker or perhaps acting as an inhibitor of active extrusion from 
the cell. 
j | 
In the present work we used the role of Ca in stimulus-secretion 
coupling to study the secretion of electrolytes, water, mucin by the 
| | 
rabbit lower ileum. The Ca channel blocker, verapamil, was used to 
18 
-f- j 
inhibit CT-induced intestinal secretion, while the Ca ionophore, A23187 
was used to stimulate secretion. Using these agents, we have been able 
to separate ileal mucus secretion from ileal water and electrolyte secre¬ 
tion. 
Chapter III 
Materials and Methods 
Materials 
Reagents and Chemicals 
Verapamil-HCL was a gift from Knoll Pharmaceutical Company, 
Whippany, N.J. Ionophore, A23187, was purchased from Calbiochem- 
Behring Corporation, La Jolla, California. Cholera enterotoxin 
was purchased from Schwartz/Mann, Becton-Dickinson and Company, 
Orangeburg, N.Y. All other chemicals used were of reagent grade. 
Flame Photometry 
A Flame Photometer, Model 443, manufactured by Instrumentation 
Laboratories, Inc., Lexington, MA was used to measure sodium and 
potassium concentration. The samples (20yl) were collected in 
Flame Photometer Unopettes produced by Becton-Dickinson Company, 
Rutherford, N.J. 
Chloridometry 
A digital chloridometer, Model 4-2500, manufactured by Buchler 
Instruments, Fort Lee, N.J. was used to measure chloride concentra¬ 
tion. 
Bicarbonate Analyses 
Bicarbonate was measured as total CO2 using the CO^ apparatus 




Viscometry was performed using a Brookfield Synchron-electric 
Viscometer, LVT 581023, manufactured by Brookfield Engineering 
Laboratories, Inc., Stoughton, MA. 
Osmometry 
Osmolarities of the loop bathing solutions were measured using an 
Osmette Automatic Osmometer manufactured by Precision Systems, Inc., 
Newton, MA. The osmotic pressure of all solutions used in the in vivo 
loops was adjusted to 285 mOsm (ImOsm is the osmotic pressure of a 
solution equivalent to a pressure of 10224 atmospheres) prior to use. 
Spectrophotometry 
A Spectronic 20 Spectrophotometer, manufactured by Bausch and 
Lomb, Rochester, N.Y., was used in the measurement of sialic acids 
and glycoproteins. 
Animals 
The animals used in these experiments were adult male and female 
New Zealand white rabbits weighing 4-5 pounds. The naimals were pur¬ 
chased from Hirman Davies Animal Farm, Stockbridge, GA. 
Methods 
Surgical Procedure 
The rabbits used in the experiments were starved overnight, but had 
access to water ad libidum. The animals were anesthetized with 
21 
intravenous pentabarbitol, 20mg/ml. A procaine solution (4%) was in¬ 
jected at the site of laparotomy in order to locally anesthetize the 
cutaneous nerves in the region. The abdomen was opened along the mid¬ 
line and the ileum was exposed. After flushing with warm saline, the 
ileum was ligated to form a loop. A catheter was inserted in this single 
loop at the distal end and 30cm of intestine was measured and ligated 
proximal to the catheter. The loop was inoculated with 5 ml of warm 
saline for 5 minutes in order to observe if absorption would occur. 
If absorption, occurred, the animal was used. If secretion occurred, 
the animal was not used. The loop was then emptied and inoculated 
with 5 ml of saline containing 2 yg cholera enterotoxin for 10 min. 
The cholera enterotoxin solution was then removed and replaced with 
15 ml of bicarbonate-saline (25mM NaHCO^, 130mM NaCl) test solution. 
Samples were then taken for the measurement of the initial concentra¬ 
tions of sodium, potassium, chloride and bicarbonate. The animal was 
immediately sutured and body temperature was maintained at 38°C with 
the use of warm bottles. One hour later, samples were taken for the 
measurement of ion concentrations. At the same time, the fluid from 
the loop was removed, the volume measured, and normalized to loop 
length with bicarbonate-saline test solution (1 ml/cm). The viscosity 
of this fluid was then measured at room temperature with the Brookfield 
Viscometer using a shear rate of 1.84 sec The remaining volume of 
sample was frozen until glycoprotein or sialic acid concentration 
was measured 
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Cholera Enterotoxin Dose Response Curve 
Ileal loops were prepared in three groups of animals using one 
loop per animal. Loops were inoculated with 0.5, 2.0, or 20yg cholera 
enterotoxin for ten minutes. The cholera enterotoxin was removed and 
the loops were inoculated with 15 ml of bicarbonate-saline test solu¬ 
tion. Net water flux and luminal fluid viscosity were measured for 
seven consecutive hourly periods. Samples of the luminal fluid were 
frozen until glycoprotein concentrations could be measured. 
Protocol for Verapamil Experiments 
A single ileal loop was prepared in each of 12 animals. All ani¬ 
mals were inoculated with 2yg cholera enterotoxin for 10 minutes. In 
one group of these animals, the test solution used was the bicarbonate- 
saline solution, while in the other group, the test solution was the 
bicarbonate-saline solution containing 0.1 mg/ml verapamil. 
Protocol for Ionophore Experiments 
The general protocol described previously was used with the ex¬ 
ception that two loops were made and no cholera enterotoxin was used. 
The ionophore, A23187, was introduced in one loop for the three successive 
test periods. Ionophore, A23187, was first dissolved in dimethylsulfox¬ 
ide (lOyl) , then suspended in a calcium-saline test solution by ul- 
trasonication. The second loop contained the test solution and the 
dimethylsulfoxide carrier alone. The calcium-saline test solution 
consisted of 2mM CaC^ in a isotonic saline. 
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The ionophore dose response curve was performed using four 
groups of rabbits. Groups were inoculated with 20, 50, 100 or 200yM 
A23187. The duration of these experiments was two hours. During the 
first hour, the loop was inoculated with calcium-saline solution. 
During the second hour, the loop was inoculated with a calcium-saline 
solution containing one of the doses of ionophore, or dimethylsulfox¬ 
ide carrier alone. 
Calculation of Water and Electrolyte Fluxes 
Net water fluxes were calculated using equation 1, and net ion 
fluxes using equation 2. 
1. Jnet Ho0 = (Vr + V . + V _) - V. 2 f si sf i 
L 
2. Jnet Ion = (CVr x C,) + (V _ x C_) + (V . x C.) - (V, x C.) 










Concentration of final volume 
Initial volume 
Final volume, measured after samples were taken 
Volume of initial sample taken (.72 ml) 
Volume of final sample taken (.47 ml) 
Concentration of initial sample taken 
Concentration of final sample taken 
Loop length, 10 cm increments 
Negative values indicate absorption and positive values indicate 
secretion. 
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Luminal Fluid Viscosity 
The viscosity of experimental luminal fluid collected in the ex¬ 
periments was measured after the sample had been adjusted with bicar¬ 
bonate-saline test solutions to 1 ml/cm loop length according to the 
procedure reported by Njoku (1981). All measurements were performed 
at room temperature at shear rate of 1.84 sec . By adjusting the sam¬ 
ple volume to 1 ml/cm loop length, the measured luminal fluid viscosity 
was unaffected by either absorption or secretion by the loop. It is 
known that there is a linear relationship between fluid viscosity and 
mucin concentration in a sample up to the point where complete gelling of 
the sample occurs (Allen, 1977a). Such a point was only reached in 
those experiments using high doses of CT. All viscosity sample values 
are expressed in centipoise (cP) (a poise is the unit of viscosity in the 
CGS system equal to 1 dyne per square cm, with (cP) being one one-hun¬ 
dredth of a poise). 
Glycoprotein Determination 
Sample glycoprotein concentrations were determined by the method 
of Mantle and Allen (1978). Bovine submaxillary gland mucin (Type I, 
Sigma Chemical Co., St. Louis, MO) was used as a standard. This techni¬ 
que is a modification of the periodic acid Schiff histolotical method 
used to identify neutral glycoproteins. This method is 3 times more 
sensitive than the anthrone method and 20 times more sensitive than 
the orcinol method for measuring hexoses. The method's sensitivity for 
glycoproteins and polysaccharides is 200 times greater than for proteins 
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and 30 times greater than for nuclei acids, making it a suitable semi- 
quantitative method for measuring mucin concentration in luminal fluid. 
Sialic Determination 
Sialic acid concentrations were determined by the method of Warren 
(1959). Samples were first dialyzed overnight aginst three changes 
of 10 mM Tris-HCL, pH 7.0, at 4°C. Samples were then hydrolyzed at 
80°C in 0.1M H.SO. for 1 hour to release bound sialic acids. Follow- 
2 4 
ing the thiobarbituric acid reaction, the chromophore, was extracted in 
to cyclohexane (Warren, 1959) and absorbance measurements were made. 
The color production varies linearly with the concentration of N-acetyl 
neuraminic acid over the range used (0.01 to 0.06 ymole). The amount 
of N-acetylneuraminic acid present in a sample can be determined by the 
following equation: 
V x 0.D.c/o 4.3 x O.D. 549 549 
57 57 
0.075 x O.D. 
549 
where V is the final volume of the test solution. 
When tissues are analyzed with the thiobarbituric acid assay for 
sialic acids an absorption maximum is found at 549 my due to sialic 
acids and a second absorption maximum occurs at 532 my due to 2-deoxy- 
ribose. The following equation was developed by Warren to take into 
consideration any interference that might have resulted from the pre¬ 
sence of 2-deoxyribose: 
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ViMoles N-acetylneuraminic acid = 0.09 x O.D.,,^ - 0.0333 x O.D.,.^ 
Readings were routinely made at both 532 nm and 549 nm. To test for 
2-deoxyribose interference, duplicate unknown samples were run in which 
a known amount of N-acetylneuraminic acid was added. No significant in¬ 
terference was encountered in these experiments, and the sialic acids 
were therefore measured using the first equation. 
Statistical Evaluation 
A two way analysis of variance test was performed in the verapamil 
experiment. One way analysis of variance tests were performed on the 
ionophore dose response data. Paired t test were used to evaluate the 
significance of the difference between parameter means in ionophore 
treated loops and control loops in the small animals, while unpaired t 
tests were used to assess differences between means in other cases. 
Chapter IV 
Experimental Results 
The purpose of this work was to study water, electrolyte, and 
mucus secretion in the rabbit ileum. Our first experiments therefore 
involved the use of cholera enterotoxin, a very potent secretagogue, 
to induce such secretion. Three groups of animals were inoculated 
with three doses (0.5, 2.0, or 20yg) of cholera enterotoxin (CT). 
Water fluxes, luminal fluid viscosity and glycoprotein secretion were 
measured or calculated, and the net fluxes were normalized to loop 
length. 
After an initial period of absorption the CT-treated loops 
showed a sustained secretion of water. At the same time, however, there 
was only a transient rise in both luminal fluid viscosity measurements 
and glycoprotein secretion (Figure 2 ) . These observations suggested to 
us that CT may influence water and viscosity by separate pathways. We 
therefore decided to investigate whether the separation of the two types 
of secretion was possible. 
Figure 2 illustrates the dose response curve for net water flux, 
luminal fluid viscosity, and glycoprotein secretion in three groups of 
rabbits in which ileal loops were inoculated with 0.5, 2.0, or 20yg 
cholera enterotoxin (CT). All parameters were measured for seven con¬ 
secutive hourly periods. In the 0.5yg CT group, the net water flux 
for the first hour was in the direction of absorption. However, by 
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Figure 2. Hourly net water fluxes, luminal fluid viscosity, and 
glycoprotein secretion measured for seven consecutive 
hourly periods in three groups of rabbits in which ileal 
loops were exposed to 0.5, 2, or 20 yg cholera entero- 
toxin (CT). Means + standard error of the means (SEM). 
In the net water flux data, negative values indicate’ 
absorption and positive values indicate secretion. 
(N * 5) 
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the second hour secretion occurred. This secretion reached a pla¬ 
teau below 2 ml 10cm Hi H The mean luminal fluid viscosity for the 
same group remained below 5(cP) for the duration of the experiment. The 
mean glycoprotein secretion in the 0.5yg CT group was below 1.5 mg 
10cm Hi ^ throughout the seven hours of the experiment. The 2 yg CT 
group showed a different pattern of secretion. The net water flux in 
this group also was in the direction of absorption in the first hour, 
while in the second hour it showed secretion. This secretion reached 
a maximal level by the third hour and remained at this level until 
the end of the experiment. The mean luminal fluid viscosity in the 
first hour of the experiment was below 5 cP and increased to a max¬ 
imal mean value in the third hour of 50 cP. Thereafter, luminal 
fluid viscosity dropped gradually to a mean value below 7 cP in the 
sixth and seventh hours. The pattern of mean glycoprotein secretion 
was similar to that of the luminal fldui viscosity, reaching a peak in 
the third hour of 3.2 mg 10cm "'‘h ^ and gradually decreased until in 
seventh hour. The pattern of water and mucus secretion was qualita¬ 
tively and quantitatively the same for the 2 yg CT and 20 yg CT groups, 
indicating that 2 yg CT caused essentially the maximally secretory 
response in rabbit ileum. 
| 
Since Ca is involved in a variety of roles within the cells of 
various tissues, it was decided to observe the secretion of water, 
| | 
electrolytee, and mucus while manipulating intracellular Ca . The 
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| | 
agents chosen to do this were verapamil (a Ca channel blocker) and 
j 
the ionophore, A23187, (a Ca transporter). In the case of verapamil, 
this agent was included in the test solution inoculated hourly into the 
loop. Two experiments were performed. In one experiment, the effect 
of verapamil was tested In control loops previously inoculated with 2 g 
CT. 
Table 1 shows net water and electrolyte flux data in control loops 
inoculated for four consecutive hourly periods with either the HCO^- 
saline test solution or the HCO^-saline containing 0.1 mg/ml verapamil. 
Statistical evaluation using the Students unpaired t test showed no 
significant difference between net water and electrolyte fluxes in 
any hour (p > .05) between loops inoculated with HCO^-saline and with 
the HCO^-saline containing verapamil. However, when two-way analysis 
of variance test was applied to the data, a significant difference was 
found between groups in net Cl flux (F^ = 7.2), (p < .05), while 
no significant difference occurred in any other parameter measured. 
Table 2 shows hourly rates of glycoprotein secretion and luminal 
fluid viscosity in rabbit ileal loops In which the test solution was 
HCO^-saline and HCO^-saline containing 0.1 mg/ml of verapamil. The 
glycoprotein secretion data were analyzed by use of the two-way ana¬ 
lysis of variance test, and the difference between groups was found 
to be non-significant (F =0.04; p > .05). 
1 9 XI 
Figure 3 shows net water secretion, luminal fluid viscosity, and 
Table 1. Hourly*net water and electrolyte fluxes in rabbit ileal loops inoculated with 
HC03-saline (C) or HC03~saline containing 0.1 mg/ml verapamil (V). (N = 6) 
Time, h Group 
Difference 




3-4 F(1.10) P 




-0.55 + . 22 




-1.10 + . 23 0.4 >.05 





-97 + 44 





-86 + 79 0.2 >.05 





-212 + 53 





-169 + 48 7.2 <.05 





+130 + 40 





+111 + 41 3.2 >.05 
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Table 2. Hourly rates of glycoprotein secretion and the hourly luminal 
fluid viscosity in loops of animals inoculated with HCOj-saline (C) or 
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Figure 3. Hourly net water flux, luminal fluid viscosity, and glycopro¬ 
tein secretion in rabbit ileal loops exposed to 2ug CT. The 
luminal fluid test solution was either HCC^-saline (open) or 
HCO3-saline containing 0.1mg/ml verapamil (hatched). The 
difference between hourly CT and CT-verapamil values was sig¬ 
nificant as judged by an unpaired t test (*, p < .05). The 
differences between groups (CT and CT-verapamil) were not 
significant (p > .05) for net water flux data (Fj^O = 1.8) 
or glycoprotein secretion data (F]_fio 
= 4.2) but the group di 
ference was significant (p < .05) for the luminal fluid visco 














glycoprotein secretion for four consecutive hourly periods in 2 yg CT- 
treated animals in which the test solution was either HCO^-saline or 
HCOg-saline containing 0.1 mg/ml verapamil. The net water flux data 
showed the characteristic absorption if the first hour, followed by 
gradually increasing secretion, until by the third hour a plateau was 
reached. Two-way analysis of variance test were applied to the water 
flux data and the group difference proved to be non-significant 
(F^ = 1.8; p > .05). In the HCO^-saline treated animals, the lumi¬ 
nal fluid viscosity reached a mean maximal value of 23 cP in the third 
hour and decreased in the fourth hour. A two-way analysis of variance 
test indicated that there was a significant difference in luminal fluid 
viscosity between animals treated with HCO^-saline and those treated 
with HCOg-saline containing verapamil (F^ = 8.5; p < .05). 
Glycoprotéin secretion rose gradually throughout the experiment in 
both groups of animals. In the verapamil treated group, the increase 
in secretion was less than that seen in the HCO^-saline treated group. 
A two-way analysis of variance test indicated the difference between 
groups not significant. 
The possibility exists that a significant difference did exist 
between the glycoprotein secretion in CT and in CT + verapamil loops, 
but because of the complexity of the pattern of such secretion, this 
difference was lost using an analysis of variance test. For this 
reason the hourly secretion rates were tested using an unpaired t test. 
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It was found that in the third hour of the experiment, there was a 
significant inhibition of CT-induced glycoprotein secretion by verapa¬ 
mil (p < .05); Figure 3). This difference was also detected in the lum¬ 
inal fluid viscosity date (p < .05). 
Table 3 summarizes the hourly electrolyte net flux data in the CT 
and CT + verapamil treated animals illustrated in Figure 3. Unpaired 
t tests of all the electrolyte data showed no significant differences 
between the hourly electrolyte flux data rates of the groups (p > .05). 
A two-analysis of variance test was performed in order to evaluate 
the difference between groups and was found to be non-significant 
(Na+, F1j1Q = 0.1; C;~, F = 0.1; HC03~, F^Q - 1.2 =; p (in all 
cases) > 0.05). 
| [ 
The data presented above suggested that the Ca blocking agent, 
verapamil, delayed mucin secretion without delaying or inhibiting 
water and electrolyte secretion. This suggests that intestinal mucin 
| | 
secretion is more sensitive to manipulation of membrane of Ca fluxes 
than intestinal water and electrolyte fluxes. We therefore attempted 
| | 
to demonstrate such a sensitivity by employing the Ca ionophore, A23187. 
Figure 4 illustrates luminal fluid viscosity and net water flux 
data of rabbit ileal loops exposed to various doses of the ionophore, 
A23187. A one-way analysis of variance test indicated a significant 
ionophore dose effect on luminal fluid viscosity (F^ = 14.4; 
p < 0.05). No such ionophore effect was osberved on net water flux 
Table 3. Hourly net electrolyte fluxes in ileal loops inoculated with 2yg 
cholera enterotoxin followed by inoculation with HC03-saline (CT) or 
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Figure 4. Dose response curves of the effects of the ionophore, A23187, 
on luminal fluid viscosity and net water secretion in rabbit 
ileum using a test solution containing calcium. Open circles 
indicate ionophore experiments in which the test solution was 
made "calcium-free" by the inclusion of ImM EGTA. Statistical 
analyses using a one way analyses of variance test indicated 
a significant ionophore dose effect = 14) for luminal 
fluid viscosity, but not for net water flux data = 0.4). 
(N = 6) 
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data judged by a one-way analysis of variance test (F^ ^ = 0.4, 
| | 
p > 0.05). When the test solution was made "Ca -free by exclusion 
of calcium and the inclusion of 1 mM EGTA, the ionophore effect on 
luminal fluid viscosity was eliminated. 
Figure 5 illustrates luminal fluid viscosity and sialic acid secre¬ 
tion if four consecutive hourly test periods. Luminal fluid viscosity 
and sialic acid secretion were measured in two rabbit ileal loops in 
the same animal, the test solution in one loop containing DMSO in the 
j | 
Ca -saline test solution (carrier), and in the other containing A23187 
in DMSO in the test solution (A23187). A paired Student t test indicat¬ 
ed significant differences in luminal fluid viscosity and sialic acid 
secretion in the second hour when compared to the first hour for the 
A23187 treated loops (p < .05). 
Table 4 shows the net water flux and the electrolyte flux data 
from the experiments illustrated in Figure 5. Paired t tests were per¬ 
formed to assess the significance of the differences between ionophore- 
treated and carrier-treated loops for each hourly test period. None 
of the differences were significant (p > .05). 
Figure 5. Hourly luminal fluid viscosity and sialic acid secretion 
in rabbit illeal loops exposed to either Ca++ -saline 
containing DMSO carrier, or Ca++ -saline containing lOOyM 
A23187. Two different analyses were conducted using the 
paired t test. Means of data of hour 1-2 were compared to 
means of data of hour 0-1 in the same animals and found to 
be significantly different (p < 0.5) for both luminal 
fluid viscosity and sialic acid secretion in the ionophore, 
but not the carrier treated loops. Means of data of hour 
1-2 from ionophore treated loops were compared with means 
of data of hour 1-2 from carrier loops in the same animals 
and were found to be significantly different (p < .05) 
for luminal fluid viscosity data, but not for sialic acid 
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Table 4. Hourly net water and electrolyte fluxes in ileal loops inoculated with Ca-saline 
for 1 hour, followed by inoculation with Ca-saline containing DMSO (C) 
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The purpose of this project was initially to study cholera en- 
terotoxin (CT) induced secretion of water, electrolytes, and mucus 
in the rabbit ileum. In a pilot study of ileal secretion, the data 
indicated that the pattern of water secretion and mucus secretion 
were different, suggesting that the two processes were under different 
controls. To date there has been no report in the literature of 
cholera-induced mucus and electrolyte secretion being separated using 
agents which selectively interfere with one or the other of these se¬ 
cretions. 
We decided to investigate the possibility of separating the two 
j | 
processes using agents which modify intracellular Ca . This was done 
| | 
using the Ca channel blocker, verapamil, and the ionophore, A23187, 
in in vivo rabbit ileal loop preparations. 
Cholera toxin causes the secretion of water and electrolytes by 
activating plasma membrane-bound adenylate cyclase and elevating cyclic 
adenosine 3',5’-monophophate (cAMP) in intestinal cells (Gill, 1976). 
Therefore, our first step was to devise methods to quantitate the 
parameters to be measured. 
In order to obtain water and electrolyte flux data, initial and 
60 minute samples were taken at hourly intervals during the experiments. 
The net electrolyte flux data were normalized to loop length. To assess 
mucus secretion, luminal fluid viscosity was measured by a rapid on-line 
41 
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viscosity technique developed in our laboratory. This viscosity method 
of assessing mucus concentrations has the advantage of being rapid and 
sensitive. The disadvantages of this technique were that viscosity is 
dependent on the cationic environment, as divalent cations cause a de¬ 
crease in luminal fluid viscosity (Forstner, et al., 1982). Also, pro¬ 
teolytic enzymes present in the lumen would decrease mucus viscosity 
(Allen, 1977b). 
The periodic acid schiff method (PAS) )a stain for glycoproteins) 
and the thiobarbituric acid assay for sialic acids were used to measure 
luminal mucus concentrations chemically. The PAS methods and the thio¬ 
barbituric acid assay measure total glycoprotein and sialic acid con¬ 
tent respectively. This includes sloughed and dead cells, glycocalyx 
as well as intact and degraded mucin. To decrease the influence or 
prior luminal debris on the chemical assay, and of pancreatic and 
other enzymes on the physical assay, we thoroughly washed intestinal 
loops several times with a bicarbonate saline solution at the beginning 
of each experiment. 
In those experiments in which the luminal fluid test solution cation 
concentration was modified, we attempted to control for the effect of 
| | 
divalent cations (Ca ) on the luminal fluid viscosity results be expos- 
| | 
ing both the control and the experimental loops to the Ca containing 
saline. For this reason, the ionophore experiments employed two ileal 
loops while all other experiments employed only one loop. 
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The first experiments that we performed involved inoculating in¬ 
testinal loops with CT and measuring water fluxes and mucus secretion 
over seven hourly periods. The data indicated that after the intro¬ 
duction of CT, there was a lag period, after which normal water absorp¬ 
tion values changed to secretion. The water secretion increased to 
maximal values by the third or fourth hour and remained elevated through¬ 
out the duration of the experiment. The mucus secretion rose to a max¬ 
imal value in the third hour and declined gradually thereafter. 
The difference in the observed patterns of mucus and water secre¬ 
tion could have been due to the fact that the mechanism for controlling 
water secretion was different from that for mucus secretion. Another 
explanation for the differences in mucus and water secretion patterns 
could be that no new glycoprotein was synthesized for incorporation into 
mucus. However, this is unlikely since a CT-induced increase in cAMP 
has been shown to stimulate glycoprotein synthesis as well as mucin se¬ 
cretion (Forstner et al., 1981). The pattern that we say may have been 
due to CT stimulation exhausting only one of the mucin pools that have 
been suggested to exist in the intestine (Forstner et al., 1982). 
The work of Neutra et al., (1982) suggests that there may be two 
mucin pools contained within the goblet cell. One pool is located in 
the outer region of the cell and seems to be controlled by the micro¬ 
tubule-microfilament system. The more centrally located mucin vacuoles 
seen to be ACh sensitive and constitute the other system. The mucin 
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vacuoles which are mobilized by cAMP are associated with the microtu¬ 
bules and microfilaments. These constitute the more recently synthe¬ 
sized mucin. Each pool may be released at different intervals during 
CT-induced mucus secretion. 
Specian and Neutra (1980a) also found that acetylcholine-eserine- 
induced fusion of the most apical mucus granules in the goblet cell 
occurs within two minutes, followed by the adjacent areas. Within 
60 minutes the crypt cells were shown to be almost depleted of mucin. 
These findings concerning acetylcholine-eserine-induced secretion are 
interested in that it has been documented that ACh may work through 
| | 
a Ca mediated system (Rasmussen and Goodman, 1977). 
The first experiments that we did involved verapamil. Several 
doses of verapamil were tested. High doses (0.2 mg/ml) of verapamil 
in the luminal test solution inhibited CT-induced water, electrolyte 
and mucus secretion, while the dose of 0.1 mg/ml delayed mucus secre¬ 
tion. There may be several reasons for observing a delay rather than 
s sustained inhibition of mucus secretion. If the principal site of 
action of verapamil was the plasma membrane, then the eventual mobili- 
| | 
zation of Ca from intracellular stores could have overcome the verap¬ 
amil effect. In the salivary gland, Quissel and Barzen (1980) found 
| | 
that Ca originating intracellularly was involved in mucin secretion by 
that tissue. Also because of the continuous clearance of verapamil in 
this _in vivo preparation there may have been fluctuations in the tissue 
45 
| | 
levels of this drug with time, allowing cytosolic Ca concentration to 
reach some critical value and CT-induced mucin secretion to begin. The 
verapamil experiments provided us with tangible proof, however, that the 
CT-induced water and mucus secretion could be separated. 
| | 
The next step was to directly influence cytosolic Ca in our sys- 
| j | | 
tern using the ionophore, A23187, in Ca -free and Ca -saline solutions. 
Various doses of the ionophore, A23187, (20 pM-200 pM) were tested and a 
dose response curve established for both net water flux and mucus secre¬ 
tion. Based on the luminal fluid viscosity data, the results indicate 
| [ 
that A23187 in the presence of Ca stimultates mucus secretion in a 
dose-dependent fashion. Water absorption was unaffected by the iono¬ 
phore. The data also indicated that there was no effect of the carrier 
(DMSO) on either luminal fluid viscosity or sialic acid secretion. 
The luminal fluid viscosity data indicated that a 100 pM concentration 
of ionophore A23187 caused a significant increase in luminal fluid vis¬ 
cosity. This dose was therefore used in all subsequent experiments. 
The increase in luminal fluid viscosity seen following A23187 was consid¬ 
erably less than that seen following CT (2-6 cP as opposed to 40-50 cP). 
Luminal fluid sialic acids were measured as a chemical assay of mucus 
secretion using the Warren method (1959) , which was found to be more sen¬ 
sitive than the PAS method for measuring small quantities of sialic acid- 
containing glycoproteins. Specian and Neutra (1982) have found that when 
mucin is secreted it tend to remain in the crypts and mucus blanket 
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rather than appear in the luminal fluid. This may in part explain the 
difference in magnitude in the luminal fluid mucus in the CT experiments 
and the A23187 experiments. In the former there was a net secretion of 
water to flush the mucin from the crypts and blanket into the lumen while 
In the latter situation there was continuous absorption of water and elec¬ 
trolytes. 
It was necessary to show that any effect seen with this ionophore in 
| j | 
a Ca containing medium was lost when a "Ca -free" medium was used be- 
j | 
fore the ionophore, A23187, could be assumed to be functioning as a Ca 
ionophore rather than as an ionophore for some other cation. 
| | 
The loops containing Ca -saline and exposed to carrier showed no 
increase in luminal fluid viscosity or sialic acid content. The loops 
containing the ionophore, A23187, did exhibit a significant increase in 
the sialic acid secretion and luminal fluid viscosity. This mucus 
secretion, however, was different from that caused by CT in more than 
magnitude as the effect was only seen in the first hourly period in which 
the A23187 was inoculated. 
Calcium is probably involved in the intestinal mucus secretion from 
both the goblet cell ACh-stimulated pool and the CT-stimulated pool pos¬ 
tulated by Forstner et al., (1982), if indeed two such pools of mucin exist 
| | 
in these cells. This is suggested by the fact that Ca has been frequent¬ 
ly implicated as a second messenger for ACh effects (Rasmussen and Goodman, 
j | 
1977). Also the CT-veraparuil experiments reported here suggest a Ca in- 
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volvement in the CT-stimulated mucus secretion. Other investigators 
| | 
have shown that mucin vacuole mobilization is greatly reduced when Ca 
is depleted (Douglas, 1974). 
j | 
Electrolyte secretion also appears to be under Ca regulation. 
Bolton and Field (1977) using rabbit ileum, and Frizzel (1979) using 
| [ 
rabbit colon have shown that increasing cytosolic Ca levels using 
A23187 results in decreased Na+ and Cl fluxes. These effects were 
qualitatively similar to those observed following elevated tissue cyclic 
AMP levels. The inhibition of CT-induced ileal electrolyte secretion 
by lanthanum,(Leitch and Amer, 1975) can also be taken as indirect evi- 
| j 
dence for Ca involvement in CT-induced electrolyte secretion. 
| | 
The work reported here clearly indicates that Ca is involved in 
mucus secretion by the in vivo rabbit ileum. The separation of the mucus 
secretion from the electrolyte and water secretion in the CT-verapamil 
and A23187 experiments is probably a reflection of a greater sensitivity 
j j 
of the goblet cells to changes in cytosolic Ca , particularly when 
manipulated from the mucosal surface. 
Chapter VI 
Summary and Conclusions 
1. The pattern of water secretion is different from that of glyco¬ 
protein secretion in the cholera enterotoxin-induced secretion 
in rabbit ileum. 
2. Cholera enterotoxin induced secretion of glycoprotein is more 
| | 
susceptible to intracellular Ca changes than are water and 
electrolyte secretions. 
3. Verapamil caused a delay or decrease in glycoprotein secretion 
in response to cholera enterotoxin without affecting water and 
electrolyte secretion. 
4. The ionophore A23187, caused stimulation of glycoprotein secre¬ 
tion. However, this secretion was short in duration and lower 
in magnitude than that observed when cholera enterotoxin was used. 
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